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Highlights 
• A ton of cattle paunch waste contains valuable resources, 197 m3 methane, 14 kg of N 
and 7.5 kg of P, total value worth of $81. 
• Two phased anaerobic digestion (TPAD), mesophilic-thermophilic, improved 
methane production and reduced 54% of solids from paunch waste.  
• The TPAD process removed 60% of volatile solids with methane production of 220 L 
CH4 kg-1VS added. 
• Struvite crystallization recovered 85% P and 15% N from filtered digested paunch 
waste as fertilizer (struvite) 
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Introduction 
Cattle paunch is a waste stream of slaughterhouse, it is partially digested cattle feed, mainly 
containing grass and grain. About 60 kg of the paunch waste is produced per cattle, which is 
about 10% of the total weight of the live animal (Tritt and Kang 1991). The paunch is 
separated from the cattle intestine after slaughtering and diluted to form a waste stream with 
2-5% solid content. The amount and type of the paunch waste contents is dependent on age, 
weight of the animal, kind of feed and fasting time before slaughtered. In 2012 about 300 
million cattle were slaughtered for meat production worldwide (FAOSTAT 2012), and it 
generated approximately 15 million tons of the paunch waste. The paunch waste is 
considered as a high biological risk solid waste (Hejnfelt and Angelidaki 2009), most 
abattoirs dispose it via incineration or non-agriculture land disposal. There is a need to 
develop on-site treatment technology to stabilize and sustainably dispose or recycle this waste 
stream.  
 
A survey was conducted on 6 major slaughterhouses in Australia to estimate composition and 
flow rate of different waste streams (Jensen et al. 2013). The survey work found that on an 
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average 2500 L of total wastewater is produced per head at slaughterhouse, the paunch 
contributes 10% of the total wastewater flow. The paunch wastewater contains 18 g-COD L-1, 
0.14 g-P L-1 and 0.33 g-N L-1, which is 34%, 56% and 11% of the total wastewater flow 
respectively. Significant amount of COD and nutrients are present in the paunch wastewater, 
which can be recovered. Anaerobic digestion stabilizes most organic waste and produce 
energy in the form of methane. The process is economically favorable as the recovered 
energy could reduce energy cost of the slaughterhouse. During anaerobic digestion nutrients 
are released in soluble form, which could be recovered from the effluent as fertilizers. There 
are limited studies on application of these technologies on paunch wastewater as previous 
studies are focused on treatment of combined stream (Kabdaşl et al. 2009). Cattle 
slaughterhouses generate multiple waste streams with highly variable compositions and 
methane yields ranging from 200 - 1000 L CH4 kg-1VS (Hejnfelt and Angelidaki 2009; Zhang 
and Banks 2012). For batch mesophilic anaerobic digestion, maximum methane potential of 
237 L CH4 kg-1 VS had been reported for the paunch wastewater (Astals et al. 2014). The 
methane potential can be improved by pre-treatment such as thermophilic pre-treatment, 
increase of 25% on the methane production and solids destruction have been reported for 
sewage sludge by combining thermophilic-mesophilic anaerobic digestion (Ge et al. 2010).    
 
The P concentration from paunch/offal processing and rendering facilities are above >50 ppm 
(Johns et al. 1995; Kabdaşl et al. 2009) and hence can be studied for struvite crystallization. 
These streams also have high calcium concentration (>50 ppm), which is known to interfere 
struvite crystallization by forming amorphous calcium phosphate (Le Corre et al. 2009). In 
practice, magnesium concentration and pH of wastewater are limiting components for struvite 
crystallization, and therefore struvite formation is normally promoted by addition of 
magnesium and the base. Struvite crystallization occurs when magnesium (Mg2+), phosphate 
(PO43-), and ammonium (NH4+) ions are together in solution above the solubility product 
([Mg2+][PO43-][NH4+]>10-13) at pH > 7.5. In struvite formation, the stoichiometric dosage is 
1:1:1 for N:P:Mg on a molar basis. The process is highly pH dependent, as the concentration 
of NH4+ decreases and PO43- increases at higher pH (> 8).  
 
In this work, the anaerobic digestion and struvite crystallization processes were demonstrated 
at a pilot scale to recover methane and nutrients from cattle paunch wastewater. 
 
Material and Methods 
The anaerobic digestion process was based on a Temperature Phased Anaerobic Digestion 
(TPAD) process (Ge et al. 2010; Ge et al. 2011). The TPAD is a two stage thermophilic-
mesophilic treatment process. The first reactor (20 m3) was operated at higher temperature 
(>50°C), with a 2-4 day retention time while the second reactor (95 m3) was operated at 
moderate temperature (~35°C) with a 12-20 day retention time. The reactors were cylindrical 
vessel constructed from stainless steel. Mixing in the reactor was achieved by re-circulation 
through external pumps. Temperature in the thermophilic reactor was maintained by 
circulation through an external shell and tube heat exchanger as part of the mixing system. A 
process flow diagram for the pilot scale setup is shown in Figure 1. The TPAD process was 
monitored and controlled using a process logic control system (Allen Bradley). Paunch solids 
were used as the substrate for the TPAD process. The paunch solids were collected as paunch 
cake from a rotating drum screen, and were collect prior to treatment using composting. The 
screened paunch had a solids content of approximately 12% and required dilution to 
approximately 3% solids using process water. During start-up phase, each reactor was 
inoculated using digester sludge from an onsite crusted anaerobic lagoon. The process was 
designed to treat 3 ton paunch (wet solids) per day at 3% solids. 
 
 
 
 
 
 
 
 
Figure 1: Process flow diagram including temperature phased anaerobic digestion and struvite 
crystallization to recover resources from paunch waste. 
 
The struvite crystallization setup includes microfiltration unit, settling tank (2000 L), aeration 
tank (200 L), crystallizer (150 L) and overflow tank (100 L). To reduce suspended solids in 
the crystallization feed, different microfiltration units were tested: Super-G (Koch Membrane 
System, USA) module (10 micron), custom made module constructed using a porous ceramic 
tube, and custom made membrane using stainless steel mesh (100 micron). Struvite 
crystallization was performed on permeate from the microfiltration unit by raising pH and 
adding Mg(OH)2 (Wise Waste Solutions Pty Ltd, Australia) in the aeration and crystallizer 
tanks respectively. The aeration prior to struvite crystallization was performed to mitigate the 
chemical dosing cost (sodium hydroxide and Mg liquid) and to raise pH of the permeate 
required for struvite crystallization. The aeration was performed using flexible polymer 
tubing attached with ceramic air stones to create fine bubble in the solution. The air was 
injected at flow rate 70 L min-1 using air pump (Resun LP60, Australia). The crystallization 
was performed using a 192 L square bottom tank made of acrylic plates. The crystallizer has 
three zones (fluidization, settling and ideal zones) with a total working volume of 100 L.  
 
Gas production from the TPAD process was measured using tipping bucket gas meters and 
continuously logged. The gas meters were regularly recalibrated and switched between 
reactors to prevent systematic errors. Biogas composition (H2, CH4, CO2) was analyzed using 
gas displacement, and methane content analyzed using Gas Chromatography-Thermal 
Conductivity Detection (GC-TCD).  The pH in each reactor was measured online and verified 
daily with a calibrated glass body probe (TPS, Brisbane, Australia). Feed and effluent 
samples from the TPAD process were analyzed for Total Solids (TS), Volatile Solids (VS), 
volatile fatty acid (VFA), chemical oxygen demand (COD), according to Standard Methods 
(Franson et al. 2005). Chemical oxygen demand (COD) was measured using Merck 
Spectroquant® cell determinations and a SQ 118 Photometer (Merck, Germany) for total 
(TCOD) and soluble fractions (SCOD). Elemental analysis (major metals, magnesium 
phosphorus, and calcium) were determined by Inductively Coupled Plasma Optical Emission 
Spectroscopy (ICP-OES) on samples that were pre-digested in acid assisted by heating in a 
microwave. Phosphate and ammonium were measured using Lachat Instruments, Quick 
Chem 8000 flow injection analyzer (FIA). Total Kjeldahl Nitrogen (TKN) and Total Kjeldahl 
Phosphorus (TKP) were determined using the Standard Methods (APHA 1998). 
 
Results 
Chemical characteristics of the paunch wastewater and the permeate is shown in Table 1. The 
paunch solids wastewater (3% solids) was used as the substrate for the anaerobic digestion. 
The digested effluent was filtered via microfiltration unit and the permeate was a feed for the 
crystallization process. 
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Table 1: Characteristics of paunch solids used as process feed for the TPAD process and permeate 
following microfiltration used as process feed for the crystallization process. 
Characteristics Paunch  
Solids 
Permeate 
Total Solids (g L-1) 29.6 ± 1.7 0.1 
Volatile Solids (g L-1) 26.5 ± 1.6 - 
pH 6.8 ± 0.3 6.5 ± 0.1 
Chemical Oxygen Demand (g L-1) 28.7 ± 2.5 - 
Volatile Fatty Acid (g L-1) 0.7 ± 0.3 - 
TKN (mg L-1 N) 414 ± 40 230 
NH4+-N (mg L-1 N) 101 ± 20 222.6 ± 6.3 
TP (mg L-1 P) 221 ± 24 73 
PO4-P (mg L-1) 42.3 ± 7.2 72.4 ± 3.5 
Mg (mg L-1) - 26.5 ± 2.9 
Ca (mg L-1) - 57.8 ± 6.6 
K (mg L-1) - 82.1 ± 3.0 
 
Production of methane rich biogas is a primary performance indicator of anaerobic processes. 
Biogas production from the TPAD process is shown in the Figure 2. The average methane 
production was 13.8 ± 0.8 m3 d-1 with average daily feed of 0.5 ± 0.1 kgVS m-3 d-1, this 
include operations downtime (shaded portion of Figure 2). The digester produced 63% 
methane (CH4) and 37% carbon dioxide (CO2) during full and steady operation, this 
corresponds to approximately 220 L CH4 kg-1 VS. At a feed concentration above 3%, solids 
accumulated in the thermophilic first stage caused materials handling issues, blockages of 
process equipment and subsequent process failures. This was an engineering limitation of the 
system and could be addressed by re-designing the reactor mixing system. The biological 
limitation of the system has not been determined, but it was estimated at 2.5-3 kgVS m-3 d-1 
based on laboratory batch tests.  
 
 
Figure 2: Methane production (m3 d-1) from the TPAD process. Shaded areas on the plot represent 
operations downtime. 
Volatile solids destruction levels in the TPAD process were variable due to the variable 
composition of feed material (2-4% solids), however average VS destruction has remained 
high at approximately 60% (Figure 3). This is similar to results from laboratory tests showing 
VS destruction of 50-65% expected from paunch solids and confirms that the pilot plant was 
operating successfully and removing a high fraction of the degradable material in paunch. 
The TPAD process was operated over 6 months stably on higher solids feed (~2-5% feed). 
Solids destruction levels are high with in-reactor performance achieving >60%. This indicates 
that full scale implementation of TPAD would allow every 10 tons of solid waste to be 
reduced to 4 tons of organic fertilizer. Biogas production in-reactor is around 220 L CH4 kg-1 
VS loaded (1 atm/15°C), this corresponds to 9 MJ energy available to offset energy 
requirements of treatment or facility operations. In addition to generation of renewable 
energy, anaerobic digestion significantly reduces the volume of paunch requiring transport 
for disposal or beneficial re-use in agriculture. It was estimated that converting approximately 
50% of solids to methane and increasing the solids content the digested cake using AD will 
reduce the solids transport load to 1/3 of the load from paunch without treatment. 
 
 
 
Figure 3: Volatile solids destruction (% removal) from the TPAD process. Shaded areas on the plot 
represent operations downtime. 
The microfiltration unit was installed in-line with a mesophilic reactor re-circulation, flowrate 
directed through the membrane module was set between 0-40 m3 per hour using a 3-way ball 
valve. The commercial Super-G module (10 micron) and custom made modules failed to 
produce suitable influent for struvite crystallization, mainly due to low permeate flow rate or 
clogging issues. The digested paunch in the recirculation line contains fibrous solid residues; 
during microfiltration small fibers become entangled forming large plugs and subsequently 
blocked small pores of the tested units. The custom made stainless steel module with higher 
mesh size (100 micron) produced required permeate flow rate (1 L min-1) and low clogging 
but with high solid contents. The solid contents were further reduced to 100 mg L-1 by 
introducing a settling tank followed by microfiltration with liquid residence time of 24 hr. 
 
The permeate from the settling tank was aerated prior to crystallization to raise the pH from 
6.5 to 7.7. Precipitation was observed above pH 7.7 in the aeration tank (data not shown).The 
aeration unit was optimized and operated with liquid residence time of 60-100 min to achieve 
required pH and avoid unwanted precipitation. Trials were conducted to estimate removal of 
phosphorus and nitrogen at different pH conditions. Magnesium hydroxide liquid (MHL) was 
used as a source of Mg and to raise the pH. The key elemental components of the MHL were 
Mg (18%), Ca (10%) and K (1%). During this trial, the MHL was dosed based on the 
crystallizer pH setpoint. The aeration unit was operated at 60 min residence time and an 
average pH of the effluent following aeration was 7.7 ± 0.1. Phosphate and ammonium 
removal efficiencies are shown in the Figure 3, where it can be seen that, in excess of 85 % 
phosphate and 15% ammonium removal efficiencies were achieved with filtered effluent 
from anaerobic digester treating paunch wastewater. 
 
 
Figure 4: Removal of phosphorus and nitrogen from the permeate. 
 
Trials were also conducted to optimize Mg required for struvite crystallization. Three Mg:P 
molar ratio were trialled 0.55, 1.1 and 2.5. During this trial, soluble phosphorus concentration 
reduced with an increase in Mg:P ratio (Figure 4). At Mg:P ratio 0.55, soluble phosphorus 
was average 30 ppm, at ratio of 1.1 it was 10 ppm and  below 5 ppm was achieved at Mg:P 
ratio of 2.5. The final pH recorded at different dosing rate also increased with an increase in 
Mg:P ratio. The final pH was 7.97 at ratio 0.55, 8.05 at 1.1 and 8.15 at 2.5. Hence, the low 
phosphate concentration at higher Mg:P ratio was mainly due to lower solubility of phosphate 
at higher pH and excess Mg is not required for struvite crystallization. Hence, equimolar 
addition of equimolar Mg and higher pH (>8.2) is sufficient to achieve lower phosphate 
concentration (<5 ppm) in the effluent from the crystallizer.  
 
 
Figure 5: Total soluble phosphorus concentration in the effluent from the overflow tank. 
The phosphorus concentration of the permeate was reduced from 70 to 10 ppm during 
crystallization, with further drop in P concentration (<5ppm) by adding excess Mg. Soluble 
ammonium and calcium concentration also dropped at similar conditions suggesting co-
precipitation of struvite and calcium phosphate. During continuous operation, the struvite 
crystals produced were periodically harvested from the reactor; through cleaning and drying, 
the struvite products were separated and collected. Phosphorus and nitrogen content in the 
dried product was 3.3% and 0.7% respectively. From these results, it can be concluded that 
the crystal products was heavily contaminated with the solids present in the permeate. As 
expected, the other main impurities were calcium ion; there were, on average, 58 ppm of 
calcium was present in the permeate. High Ca:Mg ratio of 1:2 and above, is known affect 
struvite crystallization due to precipitation of calcium phosphate. 
 
Costs for paunch disposal are highly variable ranging from $0 m-3 to $30 m-3, with a median 
value of $17.90 m-3. There is a significant environment and financial burden on 
slaughterhouse to dispose this waste. Full scale implementation of these technologies could 
mitigate disposal cost of the paunch waste and produce profitable by-products, however the 
actual savings will be highly site specific. Based on pilot scale operations, a ton of paunch 
solids (dry wt) can produce 197 m3 of methane and 47 kg of struvite. The value of methane is 
$0.21 m-3 (10 cents per KWh), P is $3.5 kg-1 and N is $1 kg-1, recovery of these resources is 
economically favorable along with significantly improvement in sustainability operations of 
slaughterhouse.  
 
Conclusions 
The pilot scale resource recovery system was demonstrated on paunch wastewater. The 
TPAD process removed 60% of volatile solids from the wastewater producing 220 L CH4 kg-
1 VS added. The maximum sustainable organic loading rate for the demonstration plant has 
now been estimated at 1-1.3 kgVS m-3 d-1 using a feed solids concentration of approximately 
3%. The struvite crystallization process was effective in removing 85% and 15% of 
phosphate and nitrogen from the filtered digested effluent. The integrated resource recovery 
process demonstrated in this work, could stabilized the paunch waste and recovered resources 
could mitigate the operational cost of the slaughterhouse. 
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